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(Received 4 October 2005; published 3 February 2006)1550-7998=20Using data obtained with the CLEO III detector, running at the Cornell Electron Storage Ring (CESR),
we report on a new study of exclusive radiative 1S decays into the final states , KK, and
p p. We present branching ratio measurements for the decay modes 1S ! f21270, 1S !
f021525, and 1S ! KK; helicity production ratios for f21270 and f021525; upper limits for
the decay 1S ! fJ2200, with fJ2220 ! , KK, p p; and an upper limit for the decay
1S ! X1860, with X1860 ! p p.
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I. INTRODUCTION
Radiative decays of heavy quarkonia, where a photon
replaces one of the three gluons from the strong decay of,
for example, the J= or 1S, are useful in studying
color-singlet two-gluon systems. The two gluons can,
among other things, hadronize into a meson,1 or directly
form a glueball.2 Further information on radiative decays
of heavy quarkonia can be found in [44].
Light-meson production in J= two-body radiative de-
cays has been experimentally well established with branch-
ing fractions at the 103 level, based largely on evidence
provided by radiative decays to a pair of hadrons.3 The
production ratios of the available helicity states have been
measured for the tensor mesons f21270 [46–49] and
f021525 [50,51] in J= two-body radiative decays and
agree with theoretical predictions [52,53]. In 1996, the
BES Collaboration reported the observation of the
fJ2220 in J= two-body radiative decays, and measured
product branching fractions, BJ= ! fJ2220 
BfJ2220 ! hh (we use the convention h 
;K; p), of the order of 105 [54]. Much excitement was
generated at the time because it is possible to interpret the
fJ2220 as a glueball. A candidate similar to fJ2220was
reported in 1986 by the Mark-III Collaboration in the K K
mode [55], but was not confirmed by the DM2
Collaboration [56]. Recently, BES reported the existence
of a new particle, the X1860, observed by its decay
J= ! X1860 ! p p [57], a result that is currently
being interpreted [58–64].
The experimental observation of radiative 1S decays
is challenging because their rate is suppressed to a level of

qb
qc

2

mc
mb

2  0:025
of the corresponding rate of J= radiative decays. This
factor arises because the quark-photon coupling is propor-
tional to the electric charge, and the quark propagator is1Several authors have studied meson production in 1S
radiative decays, giving predictions for branching and helicity
production ratios. The heavy-quarkonium system is usually
described by nonrelativistic QCD [1], while the gluonic hadro-
nization has been treated using soft collinear effective theory [2],
gluon distribution amplitudes [3], and perturbative QCD [4,5].
2Glueballs are a natural consequence of QCD, and predictions
of their properties have been made using different approaches,
such as potential models [6–8], lattice QCD calculations [9–12],
bag models [13–16], flux-tube models [17], the QCD sum rules
[18], the Bethe-Salpeter (B-S) equation [19,20], QCD factoriza-
tion formalism models [21,22], weakly bound-state models [23],
and a three-dimensional relativistic equation [24]. However,
despite intense experimental searches [25–31], there is no con-
clusive experimental evidence of their direct observation,
although there are strong indications that glueballs contribute
to the rich light scalar [32–41] and tensor [42,43] spectrums.
3We refer to the Particle Data Group [45] for a summary of
J= radiative decays.
032001roughly proportional to 1=m for low momentum quarks.
Taking into account the total widths [45] of J= and
1S, the branching fraction of a particular 1S radia-
tive decay mode is expected to be around 0.04 of the
corresponding J branching fraction. In 1999, CLEO II
made the first observation of a radiative 1S decay to a
pair of hadrons [65], which was consistent with 1S !
f21270, where f21270 ! . Comparing the mea-
sured branching fraction to the J= ! f21270 branch-
ing fraction, a suppression factor of 0:06 0:03 was
obtained. Recent theoretical works [2,3] predict a suppres-
sion factor between 0.06–0.18 for this mode, and favor the
production of f21270 in a helicity-0 state. After the BES
result for the fJ2220 in radiative J= decays, a corre-
sponding search was performed by CLEO II in the radia-
tive 1S system [66] and limits were put on some of the
glueball candidates’ product branching ratios.
In this paper, we use the CLEO III 1S data sample,
which has 15 times higher statistics and better particle
identification than the CLEO II data sample, to probe the
color-singlet two-gluon spectrum by measuring the sys-
tem’s invariant mass using its decays to , KK,
and p p. Further details of this analysis can be found else-
where [67].II. CLEO III DETECTOR, DATA, AND
MONTE CARLO SIMULATED SAMPLE
The CLEO III detector is a versatile multipurpose par-
ticle detector described more fully in [68]. It is centered on
the interaction region of Cornell Electron Storage Ring
(CESR). From the ee interaction region radially out-
ward it consists of a silicon strip vertex detector and a wire
drift chamber used to measure the position, momenta, and
specific ionization energy losses (dE=dx) of charged tracks
based on their fitted path in a 1.5 T solenoidal magnetic
field and the amount of charge deposited on the drift
chamber wires. The silicon vertex detector and drift cham-
ber tracking system achieves a charged particle momentum
resolution of 0.35% (1%) at 1 GeV/c (5 GeV/c) and a
dE=dx resolution of 6%. Beyond the drift chamber is a
ring imaging Cherenkov detector, RICH, which covers
80% of the solid angle and is used to further identify
charged particles by giving for each mass hypothesis the
likelihood of a fit to the Cherenkov radiation pattern. After
the RICH is a crystal calorimeter (CC) that covers 93% of
the solid angle. The CC has a resolution of 2.2% (1.5%) for
1 GeV (5 GeV) photons. After the CC is a superconducting
solenoid coil that provides the magnetic field, followed by
iron flux return plates with wire chambers interspersed in
three layers at 3, 5, and 7 hadronic interaction lengths to
provide muon identification.
The data sample has an integrated luminosity of
1:13 fb1 taken at the 1S energy, sp  9:46 GeV,
which corresponds to 21:2 0:2 million 1S decays-2
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[69] and 3:49 fb1 taken at the 4S energy, sp 
10:56 GeV, used to model the underlying continuum
present in the 1S data sample. The continuum back-
ground modeling is important because continuum back-
ground processes such as ee !  with ! ,
ee !  with ! KK, and direct ee !
hh have the same topology as the signal events we
are investigating.
Efficiencies are evaluated using a Monte Carlo simula-
tion of the process [70] and a GEANT-based [71] detector
response. Monte Carlo samples of ee ! X with X !
hh are generated at both the 1S and 4S energies
with uniform angular distributions and flat hh invariant-
mass distributions from threshold to 3:5 GeV=c2.4We obtain this factor, f, from the integrated luminosities of
the 1S and sp  10:56 GeV data sets, and the assumption
that, to first order, the cross sections of the continuum processes
in each run are proportional to 1=s. This factor is roughly equal
to the factor obtained by using the average energy of each data
set,
f  0:404  1:13 fb
1
3:49 fb1

10:56 GeV
9:46 GeV

2
:III. EVENT SELECTION
Events which satisfy the CLEO III trigger [72] are then
required to meet the following analysis requirements:
(a) There are exactly two charged tracks that trace back
to the beam spot and have good quality track fits and
dE=dx information. (b) There is exactly one CC shower
that is unmatched to any track and whose energy, E, is
greater than 4 GeV. The efficiency of these initial basic
event requirements is approximately 65% for our signal
events.
Each event is also required to be consistent with having
the 4-momentum of the initial ee system by demanding
that the chi squared from a kinematic fit to the following
constraint,
~p hh  2Ebeam  Ehhp^  ~pCM; (1)
be less than 100, where ~phh is the di-hadron momentum,
Ehh is the di-hadron energy, Ebeam is the beam energy, p^
is the photon’s direction, and ~pCM is the momentum of the
ee system [which has a magnitude of a few MeV/c
because of the small (  2 mrad) crossing angle of the
e and e beams]. This requirement is approximately 99%
efficient, but is effective in eliminating almost all back-
ground of the wrong topology.
Equation (1) is a 3-constraint subset of the 4-momentum
constraint and has the convenient property of avoiding the
use of the measured photon energy, which has an asym-
metric measurement uncertainty. We improve the measure-
ment of the di-hadron 4-momenta (the di-hadron invariant-
mass resolution becomes 3.2, 2.6, and 2:0 MeV=c2 for the
pion, kaon, and proton modes, respectively) by using the
constraint in Eq. (1), and then demanding that
0:950< Ehh  E=2Ebeam < 1:025:
Strong electron and muon vetoes are imposed to sup-
press the abundant QED processes ee ! ee and
ee ! . To reject ee ! ee, we require
each track to have a matched CC shower with an energy E,032001together with a measured momentum p, such that jE=p
0:95j> 0:1, and that the combined RICH and dE=dx like-
lihood for h be higher than the combined likelihood for e.
To reject ee ! , we require that neither track
produce a signal in the five hadronic interaction lengths of
the muon system. For the  mode, where muon
background is a particular problem because of the similar
pion and muon masses, we further require that both tracks
must be within the barrel part of the muon chambers
(j cosj< 0:7), and both have p > 1 GeV=c. To increase
the solid-angle acceptance of the detector and improve the
overall muon suppression efficiency with virtually no in-
crease in muon fakes, we flag an event as ‘‘not muonic’’
and remove the muon suppression requirements if either
track deposits more than 600 MeV in the CC.
Events that satisfy all the above requirements are then
identified as either , KK, or p p using the RICH
and dE=dx information. Since the ratios =KK
and KK=p p are much larger than 1 for these types of
events, in the three cases in which we try to reduce the
background from a lower-mass hadron, we also use the chi-
squared value from the kinematic constraint in Eq. (1) to
identify the event type. Since the constraint involves the di-
hadron energy, the chi-squared value is sensitive to the
hadronic masses. After these procedures, the particle iden-
tification efficiencies (fake rates) are 90% (0.31%), 99%
(0.03%), 98% (0.10%) for kaons (pions faking kaons),
protons (pions faking protons), and protons (kaons faking
protons), respectively.IV. DETERMINATION OF SIGNALS AND THEIR
SPIN ASSIGNMENTS
The overall reconstruction efficiencies as determined by
Monte Carlo simulations, including both event selection
and analysis cuts, are 43%, 48%, and 56% for the 1S
radiative decays to , KK, and p p, respectively.
These efficiencies are only mildly dependent on the di-
hadron invariant mass and are very similar for the contin-
uum background events. The continuum-subtracted di-
hadron invariant-mass plots are obtained by efficiency
correcting each bin of the di-hadron invariant-mass plots
for the 1S and sp  10:56 GeV data sets, scaling the
latter plot by a factor of 0:404 0:002,4 and subtracting it
from the 1S data set invariant-mass plot. Possible sig-
nals are determined by fitting each spectrum to spin--3
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functions described in the text.
20
30
V/
c2
)
0990905-007
S. B. ATHAR et al. PHYSICAL REVIEW D 73, 032001 (2006)dependent relativistic Breit-Wigner functions.5 The spin
value for each Breit-Wigner function is surmised by iden-
tifying each possible resonance in the invariant-mass plot
based on its approximate mass and width. Later, we con-
firm these spin assignments for the significant resonances
by inspecting the angular distributions of the 1S decay
products.
The  invariant-mass plots for the 1S and the
scaled

s
p  10:56 GeV data sets are shown in Fig. 1. The
fit to the continuum-subtracted  spectrum, shown in
Fig. 2, has a significant f21270 signal of 944 74 events.
It also has two less significant signal candidates: 340140130
events in the f0980 region, and 80 30 events in the5The spin-dependent relativistic Breit-Wigner parametrization
used has the following probability distribution for a particular
hh invariant-mass x > x0,
dPx / xxmxx2  x2m2  xmx2
dx;
where
x  0

x x0
xm  x0

2S1 2xm  x02
x x02  xm  x02
:
In the above expression, xm and 0 represent, respectively, the
most likely mass and width, and are allowed to float during the
fit. The values of x0 and S are fixed during the fit to the invariant-
mass threshold for the particular mode and the spin of the
resonance, respectively. The number of events for each fitted
signal candidate is obtained by integrating this Breit-Wigner
parametrization between threshold and 3 GeV=c2.
032001f42050 region (see Fig. 3) whose significances are 4:3
and 2:6, respectively. Each significance is obtained by
doing multiple chi-squared fits to the invariant-mass plot
fixing the signal area to different values, assigning each of
these multiple fits a probability proportional to e2=2,0
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FIG. 3. Invariant mass of  from 1S !  in the
region 1:5–3:0 GeV=c2. This fit shows the small, nonsignificant,
excess found in the f42050 region.
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FIG. 5. Invariant mass of KK from 1S ! KK and
the fit to the three spin-dependent relativistic Breit-Wigner
functions described in the text. The dotted line shows the
extrapolation of this fit to masses above 2 GeV=c2, which is
the cutoff for the fit.
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normalizing the resulting probability distribution, and cal-
culating the probability for negative or 0 signal.
The KK invariant-mass plots for the 1S and the
scaled

s
p  10:56 GeV data sets are shown in Fig. 4. The
fit to the continuum-subtracted KK spectrum, shown in
Fig. 5, has a significant signal of 3126961 events identified
as the f021525, and two nonsignificant signal candidates
indicating possible f21270 and f01710 production with
109 36 and 73 29 events whose significances are 3:2
and 3:3, respectively. The excess of events in the
f21270 region is consistent with that expected using the
 data and the known branching ratios for the
f21270. We also note that there is a significant excess
of 220 20 events above 2:0 GeV=c2 in the KK
invariant-mass distribution which is not associated with
any resonant structure.
The p p invariant-mass plots for the 1S and the scaled
s
p  10:56 GeV data sets are shown in Fig. 6. No recog-
nizable structure is seen in the continuum-subtracted p p
spectrum, which is shown in Fig. 7. In particular, we do not
see an enhancement near threshold, as might be expected
from the BES X1860 results [57]. There is a nonsignifi-
cant excess of 85 18 events in the 2–3 GeV=c2 invariant-
mass region.
To confirm the spins of our f21270 !  and
f021525 ! KK signals, we examine the absolute value
of the cosine of the polar angle of the photon with respect
to the beam axis, j cosj, and the absolute value of the1.0 1.5 2.0 2.5 3.0
0
200
400
600
800
1000
1200
Ev
en
ts
 / 
25
 (M
eV
/c2
)
M(   +     ) (GeV/c2)KK
0990905-009
FIG. 4. Invariant mass of KK from ee ! KK for
the scaled

s
p  10:56 GeV data set (solid line), and the 1S
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S. B. ATHAR et al. PHYSICAL REVIEW D 73, 032001 (2006)cosine of the angle formed by the 3-momentum vector of
one of the hadrons measured in the di-hadron rest frame
with the photon’s direction, j coshj. The event selection
efficiency is slightly dependent on both angles, so to
minimize systematic effects, the j cosj and j coshj
efficiency-corrected distributions are obtained by project-
ing the 2-dimensional bin-by-bin efficiency-corrected
j cosj; j coshj distribution. We also subtract the back-
ground contributions from the tails of nearby resonances.
The resulting angular distributions (shown in Figs. 8 and 9)
are simultaneously fit to the helicity formalism prediction
[53,67,73] for different resonance spin hypotheses up to
J  4. For the f21270 the different fit confidence levels
are 8 1019, 2 1019, 0.05, 8 1012, and 1 1012
for the hypotheses J  0, 1, 2, 3, 4, respectively. For the
f021525 the different fit confidence levels are 2 104,
2 104, 0.23, 8 103, and 2 103 for the hypotheses
J  0, 1, 2, 3, 4, respectively. These results confirm our
identification of the resonances, as in both cases the angu-
lar distributions of the data strongly favor the J  2 hy-
pothesis,60 0.25 0.50 0.75 1.00
 50
cos
FIG. 9. Distributions of j cosKj (top) and j cosj (bottom) for
the signal events in the f021525 invariant-mass region. The solid
lines correspond to a simultaneous fit to the J  2 helicity
formalism prediction [Eq. (3)].
6Some authors use a probability distribution that also depends
on a third angle, h [50]. However, extreme care must be taken
when using this angle because it makes the probability distribu-
tion sensitive to the relative phases of the helicity amplitudes.
Thus, two new free parameters need to be introduced in such a
probability distribution, as was noted by [53] and correctly
implemented by [49,50]. Otherwise, the measurement of the
helicity amplitudes rests on the assumption that their relative
phases are 0 [46,48,74,75].
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dPh;
dcoshdcos
ja0j2583cos
2h12381cos
2
ja1j21516sin
22h34sin
2ja2j2
15
16
sin4h381cos
2; (2)
where a	; 	  0; 1; 2; are the normalized helicity ampli-
tudes,
R
dPh;  ja0j2  ja1j2  ja2j2  1. In other
words, ja	j2 is the probability of X in 1S ! X to
have helicity 	. Because of the normalization condition,
the h;  probability distribution can be described by
two free parameters, traditionally chosen to be the helicity
production ratios,
x2  ja1j
2
ja0j2
and y2  ja2j
2
ja0j2
:
To measure x2 and y2, we simultaneously fit the data to the
individual h and  distributions using7
dN
d cos
 N
Z
h
dPh;
 N
1 x2  y2

3
8
1 y21 cos2
 3
4
x2sin2h

;
dNh
d cosh
 N
Z

dPh;
 N
1 x2  y2

5
8
3cos2h  12
 15
16
x2sin22h  1516 y
2sin4h

; (3)
where N corresponds to the number of events. Using the
fits to the data (see Figs. 8 and 9) we measure the following
helicity production ratios:
x2f21270  0:000:020:010:000:00; y2f21270  0:090:080:040:070:03
x2f021525  0:00
0:100:01
0:000:00; y
2
f021525  0:30
0:220:07
0:170:06
where the first uncertainty is statistical and the second is
systematic. The systematic uncertainty is quantified by7We choose to use a simultaneous fit to these two distributions
instead of a two-dimensional fit using Eq. (2) because of our
limited statistics.
032001studying how well input values are reproduced when ana-
lyzing Monte Carlo samples, the measured angular distri-
bution of the photon and tracks from ee ! ;  in
the

s
p  10:56 data set, the effect of a one-sigma variation
in the continuum scale factor, and possible interference
with nearby resonances. We find that possible interference
with nearby resonances in the j coshj distribution domi-
nates the systematic uncertainty. The helicity production
ratio measurements indicate that both resonances are pre-
dominantly produced with helicity 0. They are in agree-
ment with the predictions of [2], and in good agreement
with the twist-two-order predictions of [3]: no 	  1 pro-
duction, and 	  2 production suppressed by a factor of
mX=mb2 with respect to 	  0 production, where mX is
the mass of the tensor meson and mb is the mass of the b
quark.
We use the results from fitting the angular distributions
to correct the Monte Carlo simulation efficiencies, which
are calculated using flat distributions in the relevant angles,
by a factor of 0:78 0:02 for the f21270, 0:90 0:01 for
the f021525, and 0:880:030:01 for the significant excess in the
2–3 GeV=c2 region of the di-kaon invariant mass. The
large correction in the pion mode is due to the necessarily
stronger muon suppression requirement. The measured
branching ratios of the significant resonances are
B 1S ! f21270  10:2 0:8 0:7  105;
B1S ! f021525  3:70:90:7  0:8  105;
and the measured branching ratio of the excess events in
1S ! KK with di-kaon invariant mass between
2–3 GeV=c2 is
B 1S ! KK  1:14 0:08 0:10  105;
where the first uncertainty is statistical and the second is
systematic. The sources of systematic uncertainty are 1%
from the number of 1S decays, 2% from the
Monte Carlo simulation of the track reconstruction, 3%
(8%) from the Monte Carlo efficiency modeling of the
event requirements in the pion (kaon) mode, and 1% to
3% from the uncertainty in the angular distribution mea-
surements. We also assign a 15% systematic uncertainty to
the f021525 branching fraction from possible interference
between the f21270 and f021525 resonances, and less
than a 1% systematic uncertainty from high-momentum
neutral pions faking photons in the decay 1S ! ,
based on the upper limit in [76]. Finally, we include the
uncertainties in the f21270 and f021525 hadronic
branching ratios [45] in the systematic uncertainty. For
our less significant signal candidates, the branching frac-
tion central values, along with their significances and 90%
confidence level upper limits, are shown in Table I.-7
TABLE I. Branching fraction central value (BF), its statistical significance, and its 90%
confidence level upper limit (UL), for each signal candidate with a significance <5. In the
branching fraction central value, the first uncertainty is statistical and the second is systematic.
The first three table entries are product branching fractions.
Channel BF 105 Significance UL 105
1S ! f0980 !  1:80:80:7  0:1 4:3 <3
1S ! f42050 !  0:37 0:14 0:03 2:6 <0:6
1S ! f01710 ! KK 0:38 0:16 0:04 3:2 <0:7
1S ! p p; 2 GeV=c2 <mp p < 3 GeV=c2 0:41 0:08 0:10 4:8 <0:6
S. B. ATHAR et al. PHYSICAL REVIEW D 73, 032001 (2006)V. DETERMINATION OF UPPER LIMITS FOR
fJ2220 AND X1860 PRODUCTION AND DECAY
To measure upper limits of the product branching ratio
for the decays 1S ! fJ2220 with fJ2220 !
hh, we fit the hh invariant-mass plots, shown in
Fig. 10, using a Breit-Wigner function with a peak mass
and width fixed at 2:234 GeV=c2 and 0:017 GeV=c2, re-
spectively. These are the values from the possible fJ2220
signal reported by the BES experiment [54], which is
considered a candidate for a glueball. To model the general
excess of events between 2.0 and 2:5 GeV=c2 we also use a
flat background function in the fit. Although the highest bin
in the p p plot is indeed in the region of the fJ2220, the
excess (12 5 events) is not significant, and there are no0
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FIG. 10. Invariant mass of  (top), KK (middle), and
p p (bottom) from 1S ! hh in the range 2.0 to
2:5 GeV=c2. Also shown are the results of fits to a fJ2220
Breit-Wigner function (dashed lines) and a flat background
(solid lines). The fJ2220 signal line shown corresponds to
the 90% confidence level maximum yield obtained from the fit.
The flat background function is also used to measure the possible
excesses of events in the invariant-mass region 2 to 3 GeV=c2.
032001significant signals anywhere in these three plots. To find
upper limits for fJ2220 ! hh decays, we fix the area
of the Breit-Wigner function to different values, minimize
the chi squared from the fit, and give that area a probability
proportional to e2=2. These probability distributions are
then used to obtain the following 90% confidence level
upper limits on the product branching ratio for fJ2220
production and decay to each mode:
B 1S ! fJ2200 BfJ2200
! < 8 107;
B 1S ! fJ2200 BfJ2200
! KK< 6 107;
B 1S ! fJ2200 BfJ2200
! p p< 11 107:
The systematic uncertainties on the branching ratios were
added in quadrature with the statistical errors in forming
the above limits. Using the X1860 parameters measured
in [57], and proceeding in a similar manner as described
above, we obtain
B 1S ! X1860 BX1860
! p p< 5 107;
at the 90% confidence level.VI. SUMMARY AND CONCLUSION
We have confirmed CLEO’s previous observation of the
f21270 in radiative 1S decays and made a new ob-
servation of the f021525, obtaining factors of 0:07 0:01
and 0:080:040:03 for the ratio of the 1S branching fraction
with respect to the one measured in J= radiative decays,
respectively. These values are larger than, but the same
order of magnitude as, the ratio of 0.04 expected from
naive scaling arguments. The observed f21270 produc-
tion is in agreement with the prediction in [3] and some-
what lower than the prediction in [2]. In both of the
measured modes we can confirm by fits to the angular
distributions of the photon and charged particles that the-8
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two daughter hadrons are indeed produced by a spin-2
parent. We find that this parent is produced mostly with
helicity 0, in good agreement with the predictions in [2,3].
No structure is seen in the p p invariant-mass distribution.
In particular, we do not observe a near-threshold enhance-
ment as in [57]. Finally, stringent limits have been put on
the production of the glueball candidate fJ2220 in radia-
tive 1S decays. Glueball production is expected to be
enhanced in 1S radiative decays [22,77,78], but we find
that, within our experimental sensitivity, known tensor032001meson states, believed to be composed only of quarks,
dominate the di-gluon spectrum.
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